Background: Placenta influences the health of both a woman and her fetus during pregnancy. Maternal blood supply to placenta can be measured noninvasively using arterial spin labeling (ASL). Purpose: To present a multidelay pseudocontinuous arterial spin labeling (pCASL) combined with a fast 3D inner-volume gradient-and spin-echo (GRASE) imaging technique to simultaneously measure placental blood flow (PBF) and arterial transit time (ATT), and to study PBF and ATT evolution with gestational age during the second trimester. The PBF values were compared with uterine arterial Doppler ultrasound to assess its potential clinical utility. Study Type: This was a prospective study. Subjects: Thirty-four pregnant women. Field Strength/Sequence: Multidelay 3D inner-volume GRASE pCASL sequence on 3T MR scanners. Assessment: Subjects underwent two longitudinal MRI scans within the second trimester, conducted between 14-16 and 19-22 weeks of gestational age, respectively. Placental perfusion was measured using the free-breathing pCASL sequence at three postlabeling delays (PLDs), followed by offline motion correction and model fitting for estimation of PBF and ATT. Statistical Tests: A paired t-test was conducted to evaluate the significance of PBF/ATT variations with placental development. A two-sample t-test was conducted to evaluate the significance of PBF difference in subjects with and without early diastolic notch. Results: The mean PBF and ATT for the second trimester were 111.4 6 26.7 ml/100g/min and 1387.5 6 88.0 msec, respectively. The average PBF increased by 10.4% (P < 0.05), while no significant change in ATT (P 5 0.72) was found along gestational ages during the second trimester. PBF decreased 20.3% (P < 0.01) in subjects with early diastolic notches in ultrasound flow waveform patterns. Data Conclusion: Multidelay pCASL with inner-volume 3D GRASE is promising for noninvasive assessment of PBF during pregnancy. Its clinical use for the detection of aberrations in placental function and prediction of fetal developmental disorders awaits evaluation. Level of Evidence: 1 Technical Efficacy: Stage 2
maternal blood supply and resistance of placenta to blood flow. Pathological development of the uteroplacental unit or defective trophoblastic invasion, which can lead to intrauterine growth restriction (IUGR) and pre-eclampsia (PE), increases the resistance of the spiral arteries or placenta vascular bed to blood flow, and restricts placental perfusion. 2 Uterine artery Doppler ultrasound, which is a routine approach for prenatal examination, has been widely applied to measure blood flow through uteroplacental circulation noninvasively due to its low cost and high temporal resolution. Doppler ultrasound assesses placental perfusion through measuring impedance to flow in the uterine arteries, which has been reported to be increased in pregnancies with PE or IUGR. 3 However, Doppler ultrasound measurements of placental perfusion lack sufficient reproducibility and sensitivity, and quantification remains challenging. 4 In contrast, magnetic resonance imaging (MRI) produces spatially resolved perfusion images and quantitative assessment. Perfusion MRI is typically measured by three common approaches: First of which manipulates blood relaxation time by injecting contrast agents, which has been precluded for use during pregnancy in the United States due to the concerns of deposition of gadolinium (Gd) in tissues. 5 Alternatively, placenta perfusion has been successfully measured by two noninvasive approaches: intravoxel incoherent motion (IVIM) and arterial spin labeling (ASL). The IVIM technique acquires diffusion weighted images with multiple b-values and calculates perfusion fraction by fitting a two-compartment model, considering placental perfusion as a fast pseudodiffusion process due to pseudorandom capillary blood flow. 6 The ASL technique labels water molecules in arterial blood using radiofrequency (RF) pulses and magnetic gradients without introducing any radiation. First, ASL study in placenta was conducted by Gowland et al using flow-sensitive alternating inversion recovery (FAIR) ASL, which compares the magnetization in the imaging region following nonselective and selective inversion pulses and has been implemented in a number of studies to noninvasively determine placental perfusion. [6] [7] [8] However, both IVIM and FAIR ASL techniques measure the movement of blood within the placenta containing both maternal and fetal flow, which are around 600 ml/min and 360 ml/min at term, respectively. 9 As a result, an overestimation of placental perfusion complicates the understanding of maternal blood supply. Additional, relatively low signal-tonoise ratio (SNR) of single-slice FAIR ASL requires lengthy measurements and is susceptible to motion artifacts.
As an alternative, pseudocontinuous ASL (pCASL), which employs a train of discrete RF pulses to mimic flowdriven adiabatic inversion, is capable of selectively labeling maternal feeding aorta and distinguishing the source of perfusion. Compared to FAIR ASL, superior SNR has resulted in growing applications of pCASL perfusion for other body organs, such as kidney and liver. 10, 11 The purpose of this study was to present a multidelay pCASL sequence combined with a fast 3D inner-volume gradient-and spin-echo (GRASE) imaging technique for noninvasive and simultaneous assessment of placental blood flow (PBF) and arterial transit time (ATT) in pregnant women. Potentially, this work facilitates the goals of the Human Placental Project to develop noninvasive imaging techniques to understand placental development and function in real time.
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Materials and Methods Figure 1a shows the diagram of a pCASL GRASE sequence with background suppression and inner volume excitation. Background suppression was applied to minimize temporal fluctuations due to motion and other system instabilities using two inversion pulses and a presaturation pulse. 13 Inversion pulses were inserted within the postlabeling delay (PLD) and the timing was optimized using a custom MatLab (MathWorks, Natick, MA) program, as described, 14 to null/minimize uterine tissue signal at excitation for T 1 values ranging from 1400-1700 msec with a step size of 25 msec. 15 Inner volume excitation was achieved by switching the slice-selective gradient to the phase-encoding (PE) axis for refocusing pulses. 16 Only imaging volume within the intersection of two perpendicular selective bands (slice and PE directions) was refocused after excitation and image overlap due to limited field-of-view (FOV) along PE direction was avoided. Inner-volume excitation also enabled single-shot GRASE readout to cover the placenta, which further improved the robustness of the sequence to motion. Fat saturation was inserted before the excitation pulse of GRASE readout using an excitatory frequency selective RF pulse followed by a strong spoiler gradient along the Y-axis. Three-plane T 2 weighted half-Fourier acquisition single-shot turbo spin echo (HASTE) images were acquired before the ASL scan to assist the positioning of the labeling plane and imaging volume. 17 Figure 1b shows the coronal and sagittal view of the experimental setup. The imaging volume was selected as perpendicular to the maternal-fetal axis and to cover as much of placenta as possible. The labeling plane was placed proximal perpendicular to the abdominal aorta and above the aortic bifurcation through a graphic user interface (GUI).
MR Pulse Sequence Design

Simulation of Labeling Efficiency
Bloch equation simulations were performed to estimate the labeling efficiency at the aortic bifurcation using the numerical integration proposed previously. 18 Parameters of the pCASL scheme were:
Hanning window-shaped RF pulse with duration/space 500/920 ls, flip angle 5 258, slice-selective gradient 5 6 mT/m, and average gradient 5 0.6 mT/m. The average slew rate of switching the slice-selective gradient was 88.4 mT/m/msec, which was kept below 50% of maximum (200 mT/m/msec) to reduce noise exposure. T 1 and T 2 relaxation times for arterial blood at 3T were assumed to be 1660 and 100 msec, respectively.
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Due to relatively high distal resistance and capacitance of the arteries in the lower limbs, blood flow waveform at aortic bifurcation becomes triphasic: starting with a strong forward flow phase in peak systole (v < 23 cm/s) followed by a negative flow phase in early diastole (v < 13 cm/s) and a slower forward flow phase in late diastole (v < 15 cm/s). 20 To simplify simulation, net flow in diastole stage was assumed to be zero since the velocity distribution was similar in phase 2 and 3 despite the opposite sign. Thus, blood flow velocity of 11.5 cm/s, a half of flow velocity at peak systole, was used to represent the mean velocity through the whole cardiac phase. Cross-sectional velocity distribution was assumed to be parabolic, corresponding to laminar flow, and labeling efficiency was calculated as the weighted average for velocities ranging from 0 (vessel wall) to 11.5 cm/s (vessel center), as described previously. 18 To compare the labeling efficiency at carotid, where the labeling label is placed for cerebral blood flow measurement, the Bloch equation simulation was conducted for vessel center velocity 5 11.5 cm/s and 40.3 cm/s, respectively.
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MRI Experiments
A total of 34 normal pregnant women (age 5 32.6 6 4.5 years) were scanned on Siemens 3T scanners (Prisma and Skyra; Siemens Healthcare, Erlangen, Germany) after they provided informed consent according to a protocol approved by the local Institutional Review Board (IRB). Each subject was scanned twice within the second trimester, where the first and second MRI scans were conducted between 14-16 weeks and 19-22 weeks of gestational age, respectively. Placental perfusion was measured using the single-shot 3D pCASL at three PLDs: 1000, 1500, and 2000 msec. Imaging parameters were: FOV 5 300, eight slices with 20% slice oversampling, single shot, matrix 5 96 3 96, resolution 5 3.1 3 3.1 3 3 mm 3 , bandwidth 5 2604 Hz/pixel, echo spacing 5 0.49 msec, TE 5 36.5 msec, TR 5 4000 msec, label/control duration 5 1500 msec, each PLD contained 14 repetitions and one M0 scan with a total scan time of 2 min 4 sec. Global specific absorption rate (SAR) was measured at each MRI scan to monitor RF heating. Subjects were instructed to relax and breath normally during the entire scan period.
Data Analysis
Control/label images were corrected for nonrigid body motion offline using ANTs (Advanced Normalization Tools: http://www.picsl. upenn.edu/ANTS), which deforms the image time series towards a target image using a cross-correlation-based symmetric diffeomorphic transformation. 22 Perfusion images were obtained through the subtraction of the control/label images. Outliers of the perfusion images were removed when identified as beyond two standard deviations. Temporal fluctuations in the difference image series owing to residual motion and physiologic noise were minimized using an algorithm based on principal component analysis. 23 Perfusion signal was measured in a hand-drawn region of interest (ROI) based on T 2 -weighted GRASE control images. Pixelwise PBF was estimated based on the following equation, as described previously 24 : where DM is the averaged signal difference after pairwise subtraction (control-label), M 0 is the equilibrium magnetization, f is blood flow, and a is the labeling efficiency of the pCASL scheme. As a highlyvascularized organ, the blood and placental tissue water partition coefficient k was assumed to be 1 ml/g, 7 w is PLD, s is labeling duration, 
where N is the number of PLDs and N 5 3 in the current study (w i 5 1,1.5,2s). The weighted delay approach has been shown to be robust for ATT estimation with a few sample points 24 and methodological details are explained in Supplemental Fig. 1 . PBFs (f i ) were then calculated for each PLD based on Eq. (1) that incorporated estimated ATT, and averaged to produce the final mean PBF. Temporal SNR (t-SNR) was calculated as the ratio of the mean signal to the standard deviation (SD) of the perfusion time series for each PLD. Pixelwise PBF, ATT, and t-SNR were averaged for each subject within hand-drawn ROIs, which covered most of the placenta volumes and were drawn by two research fellows based on T 2 -weighted GRASE control images. Repeated scans from 34 subjects were analyzed for PBF and ATT variations with placental development. Mean and SD of PBF and ATT values were calculated for each scan across all participants.
Histogram analysis was conducted by dividing the range of PBF values into nine consecutive bins with a width of 50 ml/100g/ min except an open-ended bin at the last. The fraction of PBF values in each bin was averaged across 34 subjects at repeated scans. Placenta volume was classified into nine regions corresponding to bins of PBF values, and mean ATT in each region averaged from all subjects at repeated scans.
Uterine Arterial Doppler Ultrasound Acquisitions
The PBF values were compared with uterine arterial Doppler ultrasound measurement to assess its potential clinical utility. Bilateral uterine arterial Doppler ultrasound was collected from 21 and 20 subjects using a GE Voluson 830 expert system (GE Medical Systems, Zipf, Austria) after they received the first and second MRI scans, respectively (16 subjects had ultrasound after both MRI scans). RI (resistive index; difference between systolic and diastolic velocity divided by systolic velocity), PI (pulsatility index; difference between systolic and diastolic velocity divided by time averaged velocity), and notching at early diastole were measured on both the left and right uterine arteries. Poor placental perfusion is typically indicated by increased RI, PI, or the persistence of an early diastolic notch in uterine blood flow waveform pattern, which is caused by a reflected wave returning from uteroplacental bed due to high vascular resistance.
Statistical Analysis
Average PBF and ATT were calculated for each subject and compared between the repeated MRI scans. A paired t-test was conducted to evaluate the significance of PBF/ATT variations with placental development. RI and PI were correlated with average PBF using linear regression. A two-sample t-test was conducted to evaluate the significance of PBF difference in subjects with and without early diastolic notch. All statistical analysis was performed in MatLab and P < 0.05 (two-tailed) was considered significant. efficiency at t 5 1000 msec for the T 1 recovery experienced in transit from the tagging plane. The labeling efficiency was averaged to be 63.8% for laminar flow at aortic bifurcation, which was used to estimate PBF in the current study. In our study, the global SAR was averaged to be 1.19 6 0.23 W/kg.
Results
Placental Perfusion
Perfusion signals measured at three PLDs reveal the dynamic course of labeled blood flowing through the placenta. Figure  3a shows one slice of perfusion images (overlaid on T 2 -weighted structural image) acquired at three PLDs from one representative subject. Calculated PBF and ATT maps are shown in Fig. 3b ,c, respectively. As expected, perfusion signal decays with longer PLDs due to the T 1 relaxation within the majority of placental areas, while spatial variation of perfusion signal with focal hyperintensities can also be observed, as indicated by a blue arrow in the PBF map. Spatial heterogeneity of perfusion signals indicates potential spatial variation in the vascular structure of the placenta, which is not seen in T 2 -weighted images. Mean t-SNR across 34 subjects was 1.39 6 0.05, 1.40 6 0.13, and 1.42 6 0.15 at PLD 5 1000, 1500, and 2000 msec, respectively. Figure 4 shows 3D view of PBF (Fig. 4a) and ATT ( Fig.  4b ) maps covering the whole placenta volume from the same subject as shown in Fig. 3 . According to the weighted delay approach, ATT values shorter than 1000 msec or greater than 2000 msec cannot be estimated due to the range of selected PLDs, as shown in Table 1 . Overall, PBF and ATT for the second trimester were 111.4 6 26.7 ml/100g/min and 1387.5 6 88.0 msec, respectively. Figure 6a shows the fraction of PBF values in nine consecutive bins at repeated scans. The 1 st and 2 nd scans had 3.5% and 3.6% regions with high PBF values (300 ml/100g/min), respectively, while the 1 st scan appeared to have 8.9% more regions with lower perfusion rate (0-100 ml/100g/min). Figure 6b shows the mean ATT in each region averaged from all subjects at repeated scans. ATT increased in regions with high PBF values, which is consistent with the observation that perfusion signal peaked at late PLD in focal hyperperfusion regions, as shown in Fig. 3a .
Comparison Between PBF and Ultrasound Results
A scatterplot of PI and RI against average PBF is shown in Fig. 7 . No significant correlation between PI/RI and PBF was found in this study and the P values are listed next to each dashed line in Fig. 7 . Subjects with early diastolic notch were labeled by red filled marks (squares and triangles) in Fig. 7 . Notches are presented in four subjects' Doppler ultrasound waveform pattern acquired after the first MRI scan, while two subjects had persistent notches at both measurements, as identified by blue and green arrows in Fig. 7 . Average PBF across subjects with unilateral or bilateral notch is 89.1 6 12.4 ml/100g/min, which is significantly lower than 111.9 6 22.4 ml/100g/min averaged from the subjects without notch (P < 0.01). A 20.3% reduction in PBF is consistent with the presence of notches in the waveform pattern, which represents the sign of high impedance to flow. 27 
Discussion
The first human placental ASL imaging was reported by Gowland et al at 0.5 T (mean 6 SD PBF 5 176 6 24 ml/ 100g/min) using FAIR ASL with a total of 20 pairs of control/label images acquired at 10 inversion times. 7 Since then, FAIR ASL has been adopted in a number of studies, one of which reported reduced placental perfusion in the pregnancies that resulted in small-for-gestational-age (SGA) neonates. 6 Compared to previous studies, our experiments were conducted on 3T scanners and multislice images were acquired using pCASL with single-shot 3D acquisition.
Both improvements led to a significant SNR increase, which is beneficial for clinical scans when time is limited. The spatially resolved visualization of placental perfusion indicated heterogeneity of perfusion signals within the placenta. Heterogeneity of placental perfusion has been previously reported using single-slice FAIR ASL, 7, 8 velocity-selective ASL, 28 and blood oxygenation level-dependent (BOLD)
fMRI. 29 The origin of this perfusion heterogeneity is not well understood, but was assumed to be related to the underlying vascular units, ie, cotyledons, of the placenta. With perfusion signals acquired at three delay times, it is feasible to perform dynamic analysis of ROIs to better understand how labeled blood passes through the placenta. Background suppression, which is recommended by an ASL white paper, 13 is ideally suited for GRASE readout and helps suppress temporal fluctuations from motion and systematic instabilities. A constrained background suppression scheme, which applied nonselective inversion pulses within the PLD, was implemented for this study to keep the labeling scheme intact. Although placenta was reported to have longer T 1 values than the 1400-1700 msec optimization range used in this study, 30 a similar background suppression effect is achievable for PLDs from 1000-2000 msec, as reported in our previous research. 14 To ensure the accuracy for ATT estimation, the labeling plane was placed at the aortic bifurcation, which is easy to identify compared to tortuous uterine arteries, by trained MR technicians and research fellows. The transit time of arterial blood from labeling plane to the majority of placenta was assumed to be shorter than 2 seconds due to the relatively high blood velocity in uterine arteries (mean velocity >70 cm/s around 20 weeks of gestation). 31 All pregnant subjects were scanned within their second trimester when fetal movement becomes more strenuous in late pregnancy, potentially causing severe motion artifacts in perfusion images. Averaged PBF value was 111.4 6 26.7 ml/100g/min for the second trimester, which is consistent with but at the lower end of reported PBF values. 7, 8, 28 This is expected, since pCASL selectively labeled maternal perfusion of placenta. Additionally, the maternal blood supply and the mass of placenta have been reported to be around 600 ml/min and 550 g at term, respectively, 7,9 so that the approximate placenta perfusion rate should be around 110 ml/100g/min, which is highly consistent with our results. Additionally, we found a 20.3% reduction in PBF from subjects with early diastolic notches in ultrasound flow waveform patterns as compared to subjects without notches, which indicates high resistance to blood flow. Since ultrasound is an established imaging modality, this result supports the validity of the presented ASL approach for assessing placental function. Since ASL is completely noninvasive, repeated scans can be acquired from the same pregnant subject, allowing quantitative analysis for PBF and ATT variations along placental development within the second trimester. A significant increase in placental perfusion during the second trimester was observed from 34 subjects in our study, which is consistent with previous ultrasound studies demonstrating increase of total uterine artery blood flow around 20 weeks of pregnancy. 31 Nevertheless, whole placenta PBF maps provide more spatially resolved diagnostic information than average PBF values of the whole placenta, which provides an understanding of the underlying vascular structure and potential pathological changes associated with observed perfusion variation. Such information is particularly useful for building prediction models towards projecting a clinical outcome in the future. In addition, under circumstances where blood flow to the placenta is abnormal, future correlation with conditions of placental insufficiency as a pregnancy progresses may prove to be valuable as a diagnostic tool. Many studies reported no known adverse effects of using noncontrast MRI during pregnancy. 32, 33 In our study, the global SAR was 1.19 6 0.23 W/kg, about 60% of the US Food and Drug Administration (FDA) normal mode limit. Although monitoring the global SAR is sufficient for ensuring RF heating at 3T or less, the local SAR simulation may need to be conducted for other setups. 34 Another safety concern includes the acoustic noise induced by switching gradients. Maternal tissue provides inherent protection to fetal hearing by an approximate 30-dB reduction in sound intensity. 35 A variety of fast imaging sequences, including echo-planar imaging (EPI) and fast spin echo (FSE), have been tested at 1.5T, and no association between acoustic noise and increased risk of substantial neonatal hearing impairment or cochlear injury was found. 36 Although 3T scanners generate higher noise levels compared to 1.5T, 37 the duration of the exposure is more important and occupational health guidelines stipulate that exposure to acoustic noise greater than 115 dB should be restricted to less than 15 minutes per day (US Department of Labor, Occupational Safety and Health Administration. Regulations (Standards -29 CFR). Part 1910.95: occupational noise exposure). Both RF heating effects and acoustic noise exposure were minimized due to the relatively short ASL scan time (about 6 min) used in this study. The inner-volume excitation allowed single-shot GRASE readout to cover the entire placenta in eight slices. This improved the robustness of the sequence to motion. Nonrigid motion correction has also been proven to be beneficial for body ASL imaging, 11 and 14 control volumes from a representative subject acquired at PLD 5 1000 msec with and without nonrigid motion correction is shown in Supporting Video 1. Deviation from perfect inversion occurred for slow spins at aortic bifurcation due to Linear regression between RI/PI and PBF is illustrated by dashed lines, and no significant correlation was found (P values were listed next to each dashed line). Subjects with the early diastolic notch were labeled by red-filled marks. Bilateral/unilateral notches presented in three/one subjects' Doppler ultrasound waveform pattern acquired after the first MRI scan. Two subjects (#5 and #26) with persistent notches at two scans were identified by blue and green arrows. Bilateral/unilateral notches presented in subjects #26/#5 Doppler ultrasound waveform pattern acquired after the second MRI scan.
suboptimal adiabatic condition, 38 and the pCASL labeling parameters (RF flip angle and gradient strength) may be optimized based on aortic flow velocity profiles to improve the labeling efficiency for placental perfusion imaging. Chemical shift would not contaminate ASL signal when subtraction is perfect, but displaced fat signal between control/label pairs could introduce artifacts to perfusion images.
Fat suppression was applied before GRASE readout in this study, but residual fat signal was still observed, compared to background suppressed tissue signal in several subjects. Thus, further improvement of fat suppression is desirable to improve SNR. In addition, limited portability and the high cost of MRI may constrain its capability of being a routine prenatal examination approach, as compared to Doppler ultrasound. The study includes several limitations. First, the motion from respiration and fetal movement was the major limitation of reliable PBF measurements using ASL. The PBF measurement in late gestational age may require additional motion compensation for more reliable measurements. Second, the sample size of the study was relatively small, and not all subjects had ultrasound examinations. Future studies with a larger sample size are required to replicate the reported association between PBF and ultrasound as well as to investigate the relationship between PBF and clinical outcomes of pregnancy. Third, the placenta perfusion heterogeneity is not fully understood. Dynamic analysis of perfusion signals may be needed to further understand how the labeled blood passes through the placenta. In addition, the correlation between in vivo placenta perfusion and pathological analysis of the placenta may help understand the origin of the perfusion heterogeneity.
In conclusion, we present a multidelay pCASL sequence with inner-volume 3D GRASE acquisition, which is promising for noninvasive measurement of PBF and ATT during early-to mid-pregnancy. Its clinical use for the detection of aberrations in placental function and prediction of fetal developmental disorders awaits further evaluation.
